This study reports the passive diffusion (in vitro) of silver nanoparticles (SNPs) and those of the amino acids tryptophan, phenylalanine, tyrosine across a biological membrane model. The experiments were carried out under physiological conditions at pH 7.4. Chicken egg shell outer membrane model was used to study the passive diffusion of the above materials. Passive diffusion was performed against and towards gravitation for 24 and 48 h. Fick's first law of diffusion was adopted for quantification of diffusion coefficient, permeability constant and diffusion rate. The egg shell membrane was characterized using scanning electron microscopy. The SNPs were synthesized by chemical degradation method and characterized by UV-visible spectroscopy and dynamic light scattering. An average size of nanoparticles obtained was 62 nm. The diffusion rates of amino acids were higher than those of SNPs. However, they were enhanced in their presence. Permeability coefficient and diffusion coefficient were higher for amino acids than SNPs. The possible mechanisms have been explained on the basis of molecular properties.
NANOMATERIALS possess unique optical, thermal, magnetic and electrical properties. As a result, these materials are being used in biological and medical applications such as bioimaging 1 , therapy, drug delivery 2 , etc. Large surface-to-volume ratio of nanoparticles (NPs) allows this class of materials to serve as efficient carriers of biological molecules. The fundamental interaction of NPs with biological systems remains is not well understood.
Upon incorporation of NPs in body fluid, they interact with biological materials that dissolve in body fluids such as proteins, carbohydrates, lipids before interaction with cells and cell membranes. It is reported that NPs enter the cell by passive diffusion through plasma membrane 3, 4 . The entry of NPs into cells depends on physico-chemical surface properties, charge 5 and shape 6 . Uptake of different NPs by different cell lines can vary significantly in their kinetics 7 . The internalization of NPs due to contact with plasma membrane is a concentration-dependent process. The mechanisms of internalization of NPs at molecular and cellular level are yet to be understood.
Kim et al. 8 studied accumulation of NPs in human lung carcinoma cells (A549) and observed that NPs accumulate in lysosomes as observed by fluorescent technique. Jiang et al. 9 studied the uptake of polystyrene NPs by mesenchymal stem cell using spinning disc confocal optical microscope combined with quantitative image analysis. It is also reported that NPs of diameter 10 nm accumulate on the cell membrane prior to internalization 10 . However, ten-fold larger polymeric NPs were not observed to adsorb on the cell membrane. Some of the in vitro experiments showed cellular uptake of NPs exposure cell at the bottom of cellular plate. Cho et al. 11 studied the effect of uptake of gold NPs by human breast cancer cells (SK-BR-3, ATCC HTB-30). NPs may enter the cell through passive diffusion mechanisms, but details of such processes remain unsolved. Some of the efforts for understanding passive diffusion of NPs used RBC cell model 3, 4 . Diffusion is an important phenomenon that occurs in living systems for carrying out various biological activities. This has been quantitatively described using mathematical models and proved experimentally. The outcome of these studies has been used for designing experiments in vivo and in vitro 12, 13 . The simplest mechanism by which molecules can move across the membrane is passive diffusion. During passive diffusion, a molecule simply crosses the membrane and enters the aqueous solution at the other side of the membrane. In the case of plasma membrane, the molecule dissolves in the phospholipid bilayer and diffuses across it. No membrane proteins are involved and the direction of the transport is determined simply by relative concentration of the molecule inside and outside the cell. The net flow is always down their concentration gradient from the compartment with high concentration to one with lower concentration of the molecule. It is a non-selective process, with only small, relatively hydrophobic molecules being able to diffuse across the membrane.
Diffusion also takes place through protein channels which form an open pore in membrane, allowing small molecules of appropriate size and charge to pass freely through the membrane. One group of channel proteins is porins which permit free passage of molecules and ions through outer membrane of bacteria, and the other group consists of channel proteins that permit passage of molecules between connected cells. These mass transport processes, well characterized by the German physiologist Adolf Fick, is known as Fick's First Law. The transport theories have been described in many text books and research papers 12 . Different membranes, natural and synthetic, were employed to study the diffusion process. Synthetic membranes have been used for drug diffusion study, for example polydimethylsiloxane (PDMS) which serves as a membrane model for drug diffusion 14 . Polyvinylidenedifluoride (PVDF) membrane was used to study the diffusion of non-steroid anti-inflammatory drug (NSAID), acetylsalicylic acid 15 . Petro et al. 16 tested synthetic cellulose acetate membrane model for anti-inflammatory drugs. Diffusion of hydrocortisone (steroid hormone) was studied using synthetic nylon membrane 17 . Some natural membranes like septate giant axon of earthworm, skin models have been employed for diffusion study 18 . The present work aims to test if silver nanoparticles (SNPs) and amino acids diffuse through the membrane. The chicken egg shell membrane model has been used to perform passive diffusion of SNPs and amino acids. Chicken egg consists of the inner and outer membrane with calcified shell. Chief function of the membrane is to prevent penetration of bacteria. Shell membrane is essential for the formation of egg shell. The egg shell and shell membrane contain protein as a major constituent with small molecules like carbohydrates and lipids 19 . This membrane has been characterized with the help of X-ray scattering and scanning electron microscopy (SEM) 20 . This study throws light on some biophysical aspects of passive diffusion of SNPs and amino acids.
Silver nitrate (qualigens) and trisodium citrate (SD, fine) were used to make SNPs in phosphate buffer of pH 7.4 (1 M) as solvent. All the chemicals were of analytical reagent grade and double-distilled water was used throughout. Outer shell membrane of eggs was used for the present study.
Silver nanoparticles were synthesized by chemical reduction method. The synthesis procedure was a slightly modified form of Lee and Meisel 21 . One hundred ml of silver nitrate (10 -3 mol l -1 ) was heated on a hot platecum-magnetic stirrer to 353 K; 1% trisodium citrate (50 ml) was added drop-wise till the colourless solution turned yellow. The colour change indicates the formation of SNP.
The number of silver atoms (N) in each SNP is 31 d 3 where d is the size of the nanoparticle in nm. Concentration of the SNP solution is calculated using the equation
where N Total is the total number of silver atoms added to the reaction solution, N the number of silver atoms present in each nanoparticle, V the volume of the reaction solution in litres and N A is the Avogadro number. The colloidal silver nanoparticle solution was characterized using UV-visible (Implen nanophotometer). UVvisible absorption spectrum was recorded in the wavelength range of 200-600 nm using a one cm path length quartz cuvette. Dynamic light scattering (DLS) measurements were performed on Microtrac Inc particle size analyser.
The aromatic amino acids (tryptophan, tyrosine and phenylalanine) were estimated using standard calibration graph.
A fresh chicken egg was carefully broken and its outer membrane was removed with necessary precautions without tearing/damaging. The membrane was kept in a petri dish with saline till further study. Then the membrane was transferred and fixed on the mouth of a 50 ml conical flask with a diameter of 1.7 cm. The upper flask contained SNP and the lower contained normal saline. The flux of silver nanoparticles/amino acids from lower flask was measured after 24 and 48 h. Scanning electron microscopic images of egg shell membranes were taken before, after and during experimentation (experiments were terminated at the middle stage and SEM performed).
Fick's first law of diffusion under steady state was adopted to evaluate the diffusion rate (J), diffusion coefficient (D) and change in concentration with thickness of membrane (dc/dx), by eq. (2) ( , ) ( , ) .
Diffusion coefficient of solute was calculated by eq. (3) , 6
where K is the Boltzman constant (1.38  10 -23 m 2 kg s -2 K -1 ), T the temperature, r the radius of the molecules and  is the viscosity of the solution. Viscosity was estimated using Ostwald viscometer.
The permeability coefficient (P) was estimated according to Fick's law of diffusion based on the steady state flux and the concentration of the donor compartment using eq. (4)
viscosity of the solvent was determined of each solution, i.e. SNPs and amino acids using Ostwald viscometer and calculated using the eq. (5)
where  1 is the viscosity,  1 the density of the distilled water, t 1 the time taken by the distilled water to flow between the marks A and B on the viscometer.  2 is the density of the test sample and t 2 is time taken by the test sample to flow between the marks A and B on the viscometer.
In the UV-visible absorption spectra, the peak at 420 nm indicated the formation of SNPs (Figure 1) . Results of dynamic light scattering reveal the average size of SNPs to be 62 nm. The concentration of SNP was calculated to be 0.615  10 -9 mol l -1 . Egg shell membranes were examined under SEM at different magnifications (Figures 2 and 3) . SEM images were taken before, after and middle positions during the experiment. The images revealed continuous sheet of fibres crossing each other in the limiting membrane. At higher magnification, layers of fibres were clearly distinguished. Various sizes of pore/holes were observed ranging from 2.28 to 5.62 m due to crossing of the fibres. The presence of holes in shell membrane was noted by Simon 23 . However, the functional/physiological significance has not yet been reported. Tan et al. 24 also studied the chicken egg shell membrane using SEM. These structures were made up of organic and collagen protein fibres lying parallel to egg surface 25 . We believe that SNPs and amino acids might be passing through these crossed structures created by the fibres. A schematic representation of experimental set-up is shown in Figure 4 . The molecular mass transport in solutions/across biological membrane is usually determined in fluxes. The amount of flux is concerned with number of molecules and cross-section area of membrane and over specific periods of time. Fick's first law steady state is most appropriate for analysis of the flux (eq. (2)). In the present study, the amount of SNP and amino acid diffused to receiver compartment was determined at 24 and 48 h against as well as towards gravitation ( Table 1) . The experiment clearly indicates the amount of SNP and amino acids that have crossed membrane barrier and entered the receiver compartment. It was observed that the rate of diffusion (J) of SNP and amino acids was higher towards gravitation than against gravitation ( Table 1) . The diffusion is due to gravitation force, hydrodynamic and concentration gradient/hydrodynamic force imparting on the particles. However, the rate of change of diffusion is associated with diffusion coefficient (D) of the particles, which depends on factors related to size, shape and type of medium, i.e. viscous/nonviscous. The diffusion coefficient (D) of SNP and amino acids was calculated according to eq. (3). Diffusion coefficient of SNP was noticed to be lower than that of free amino acids which could be due to the size difference between SNP (62 nm) and amino acids 26 Phe-3.56 Å, Tyr-3.58 Å, Trp-3.78 Å. Thus diffusion coefficient is seen to decrease with increasing particle size.
In the current experiment, the fluxes were measured by simply taking sample from receiver compartment at given time intervals (24 and 48 h). The concentration gradient was observed to increase linearly in the receiver compartment. The permeability constant was determined using eq. (4) which showed that fluxes were proportional to concentration gradient. The permeability constant of SNP was lower than those of amino acids in experimental set-up towards gravity as compared to against gravity (Table 1) .
We further tried to study whether the diffusion rates of amino acids increase or not in the presence of SNP. Interestingly it was found that the diffusion rate of amino acids increased in their presence (Table 1) . Here the possible reason is that due to positive charges on SNP the amino acids could adsorb/bind to them causing an increase in diffusion rate. We have extensively studied the binding of proteins to SNP surface 22, 27 . Our unpublished results indicate that amino acids adsorb on SNP as seen by Raman spectroscopic studies.
This study confirms that nanoparticles and amino acids crossed the outer egg shell membrane both against as well as towards gravity. The passive diffusion of SNPs and amino acids (Try, Tyr, Phe) has been studied and diffusion rate, permeability constant and diffusion coefficient have been quantitatively determined. The diffusion rates of amino acids in the presence of SNP were higher than those of the individual amino acids. Scanning electron 6.660  10 microscopy reveals that pores are formed due to crossing of protein structures with various dimensions. The molecules could be diffusing through these membrane pores.
Since the major application of diffusion is in pharmaceutical, food and beverage industries and in clinical application such as MRI/bio imaging, hemodialysis, this model could be useful for screening/characterization of biological materials in vitro. Based on the quantification of diffusion parameters of particles, it is possible to predict their possible behaviour in vivo. However, various interfering factors need to be understood. This report describes a simple and inexpensive experiment which throws light on biophysics of membrane model. Further, this could be a good experimental model for learning and designing experiments in teaching and research lab. We believe that this to be the first in vitro experimental report of biophysical study of diffusion characteristics of silver nanoparticles and amino acids.
